We have developed a three-stage CO 2 master-oscillator -amplif ier system that produces 1.1 TW of peak power. The system generates 170 J of energy in a diffraction-limited 160 6 10 ps pulse on the 10P ͑20͒ line. We also report the realization of a two-wavelength terawatt-peak-power CO 2 laser that can be tuned to an arbitrary pair of lines. A two-stage semiconductor switching system driven by a picosecond-pulse Nd:YAG laser was used to slice a short, low-power 10.6-mm pulse for amplif ication. A simple plasma shutter helped to compensate for gain narrowing in a f inal three-pass amplif ier and to shorten the pulse. 
Terawatt (TW) lasers are desirable for high-field experiments involving x-ray generation, particle acceleration, and high-harmonic generation. In recent years there has been rapid progress in the generation and amplification of short optical pulses in the visible and near-IR regions. Techniques for their generation, such as Kerr-lens mode locking coupled with amplif ication of a chirped pulse, have made possible the production of as great as 100-TW pulse powers, which were unimaginable a few years ago. 1, 2 However, progress on TW-class lasers in the mid-IR region has been very modest. Producing a picosecond pulse with a CO 2 laser -the only feasible candidate for generation of high-power mid-IR pulses -is diff icult because of the relatively narrow bandwidth of the CO 2 gas. At the same time, for recently emerging applications such as laser particle acceleration a 10-mm source will have an advantage. 3 Owing to the l 2 scaling of the ponderomotive potential, 1 TW in 10 mm is equivalent to 100 TW in 1 mm. The ponderomotive potential is the key parameter for processes such as relativistic selffocusing, parametric instabilities, and beam excitation of a relativistic plasma wave that are related to freeelectron oscillations in the laser field. This is why TW CO 2 lasers are especially attractive for laser acceleration of particles in plasma. Another advantage of a 10-mm source is simplicity in obtaining diffractionlimited CO 2 laser beams.
Several techniques have been used for generating low-power CO 2 pulses on a picosecond time scale (1-500 ps): optical free induction decay, 4,5 optical parametric oscillator, 6 electro-optical switching, 7 and semiconductor switching. 8, 9 Although it has been known for some time that the gain bandwidth of multiatmosphere CO 2 lasers was suff icient to allow amplification of picosecond pulses, 9,10 until now the shortest pulse obtained with TW-level power was an ϳ750-ps pulse (FWHM) measured at the laser-fusion facility Helios at the Los Alamos National Laboratory. 7 To increase energy extraction for a short pulse in this system a multiline scheme in which the laser output was distributed among five rovibrational lines ͑l 10.53 10.61 mm͒ was utilized.
In this Letter we describe a compact CO 2 laser chain that has produced 160-ps laser pulses of 1.1-TW peak power on the 10P ͑20͒ line ͑l 10.59 mm͒. To our knowledge, these results represent the shortestduration TW-level pulses yet produced in the mid-IR region. We also report on two-wavelength operation of the picosecond, TW CO 2 laser system (l 1 10.27 mm and l 2 10.59 mm), which is important for plasmabeat-wave acceleration of electrons.
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Figure 1 is a schematic diagram of the experimental setup. The TW CO 2 laser chain includes a two-wavelength hybrid TEA master oscillator, an UV-preionized, high-pressure regenerative amplifier, and a 2.5-atm ͑1 atm 760 Torr͒ electron-beamsustained large-aperture amplifier. The laser system begins with the two-wavelength CO 2 master oscillator operating at 10.3 and 10.6 mm. Simultaneous lasing Fig. 1 . Schematic of the TW CO 2 laser system: SS, semiconductor switch based on 1-mm laser illumination of a Ge Brewster's angle slab; PC, CdTe Pockels cell; PS, passive plasma shutter used to shorten the pulse before the final two passes; LPL's, low-pressure discharge sections or lasers.
of the CO 2 master oscillator on two lines [10R͑16͒ and 10P ͑20͒ in our case] causes problems that are due to severe competition between rovibrational transitions. 12 To equalize the gain-to-loss ratio for the two lines and to obtain stable output, we spatially separate the optical cavities for the lines by use of a grating 13 and place two low-pressure discharge sections or lasers of different lengths. The TEA section was placed in the common nondispersed arm of the cavity. The experiment was performed on a 60-cm TEA CO 2 gain module (Lumonics HE-460). By optimizing the strength and timing of the 10R͑16͒ and 10P ͑20͒ low-pressure lasers, we obtained a 200-ns single-longitudinal-mode pulse with a controllable ratio between lines. Two-line operation was as stable as single-line operation. More details on two-wavelength operation of the TW CO 2 laser chain are presented elsewhere. 14 For single-line operation of the master oscillator at 10.6 mm, the 10.3-mm channel was simply blocked.
A short, low-power seed pulse was sliced from the nanosecond master-oscillator output by use of a twostage semiconductor switching system 10 driven by a 100-ps-pulse Nd:YAG laser system (a combination of an actively mode-locked oscillator and a regenerative amplif ier). The picosecond switching method is based on modulating the ref lective and transmissive properties of a Ge slab by optical control of the free-carrier charge density. A 1.06-mm pulse from a Nd:YAG laser with a photon energy above the bandgap of the semiconductor creates a highly ref lective electron -hole plasma on a surface of the Ge slab, which is normally transparent to 10-mm radiation in a Brewster's angle configuration. Thus, by modulating the ref lectivity of the first Ge switch, we produced a CO 2 pulse with a fast rise time ͑ϳ100 ps͒. At Brewster's angle this ref lection switch had a minimum background ref lectivity of ϳ10 23 , limited by the beam divergence and by imperfections of the surface. Since the electron -hole recombination process is much slower ͑ϳ0.5 ns͒, transmission switching was used for a second stage. This effectively cut the tail of the pulse by ref lection. By control of the switching time between these two Ge switches, a diffraction-limited picosecond pulse of variable duration (100-500 ps) was obtained, with a peak power as great as 100 kW. Note that this switching technique allows generation of short pulses over the full range of the CO 2 laser wavelength as well as simultaneous switching of multiple wavelengths.
The switched-out CO 2 pulse was further amplif ied by a net factor of 10 3 in power in a high-pressure amplifier. It is known that, at 5 atm, pressure broadening will cause broadening of rotational lines and create suff icient gain bandwidth to amplify 100-ps pulses. 10 Small-signal gain measurements were performed in a multiatmosphere CO 2 laser (Lumonics TE-280) at a gas pressure of 5.4 atm and with a 1:1:8 CO 2 :N 2 :He gas mix. Peak small-signal gain for this module is ϳ2.2 %͞cm on the 10P ͑20͒ line over a gain length of 48 cm and an aperture of 1 cm 2 . Owing to the low single-pass gain of the laser, it was necessary to regeneratively amplify the picosecond pulse to achieve signif icant output power. A 1.5-m-long, stable regenerative amplifier cavity was formed by a curved (20-m radius) total ref lector and a 50% planar output coupler. To prevent any extra harmful losses for the amplif ier, we did not use an intracavity Pockels cell to seed or dump the cavity. Instead a short pulse was simply injected through the output coupler. As a result, an injection-locked short pulse train was generated. This amplifier produced an output energy of 25 mJ in a gain-switched 150-ns train of 125-ps pulses. The pulse train was then transported back along the input beam path and separated in space from the input beam by means of the first Ge switch, which transmitted a p-polarized beam in the absence of 1-mm radiation (see Fig. 1 ). The pulse train generated by the regenerative amplifier was directed to a single-pulse selector. The selector consisted of a CdTe electro-optic modulator (Pockels cell) placed between two crossed polarizers. The first polarizer consisted of two Ge plates placed at Brewster's angle. Note that two Ge switches, which were used to slice a short pulse, also served as polarizers for the p-polarized beam. The second polarizer consisted of six Ge plates. The CdTe modulator was energized by a high-voltage pulse derived from a laser-triggered spark gap initiated by the same 1-mm pulse that was used to slice the master-oscillator pulse. When a half-wave, 12-kV pulse with a FWHM of 10 ns was applied to the Pockels cell, a 1-mJ pulse was selected from the pulse train. It is important to note that a nearly perfect Gaussian beam prof ile was recorded before the final amplifier for a 10.6-mm pulse.
Final amplification of a 5-MW picosecond pulse occurred in a three-pass large-aperture amplifier. A 20 cm 3 35 cm 3 250 cm electron-beam-sustained amplif ier 7 was used. This amplifier produced a smallsignal gain of 2.9%͞cm on the 10P ͑20͒ line at 2.5 atm. The laser discharge chamber was filled with a mixture of 80% CO 2 and 20% N 2 . The gain bandwidth for such a mixture is ϳ14 GHz. According to theory, 15 gain narrowing in an amplifier reduces spectral width, and the broadening of the pulse can be estimated with the formula
In this equation t p ͑0͒ is the original pulse length, G 0 is the total gain, and Dv is the gain bandwidth. Even if we neglect losses in the three-pass amplifier, a 200-ps pulse (the shortest pulse that could be injection locked without deterioration of contrast) should be broadened to 250 ps for G 0 10 5 and Dv͞2p 13.7 GHz. For this pulse length and the 160-cm 2 beam size used in the experiment, possible damage of a NaCl output window at ϳ1-J͞cm 2 f luence 9 made TW peak powers unachievable. To compensate partially for the pulse broadening we placed a PS in the focus of the telescope after the first pass of the final amplifier. The plasma from optical breakdown in Ar or N 2 effectively screened the tail of the pulse, resulting in significant pulse shortening. For the last two passes, expanding the laser beam to 14 cm in diameter released energy stored in the active medium. It should be noted that we placed a cell with a multiband gas-absorber mix 7 in front of the third-pass mirror to prevent self-oscillation. The output was split and directed to a calorimeter and to a single-shot pulse-length diagnostic. For singleshot diagnostics we used a conventional streak camera (Hadland Photonics Imacon 500) with a resolution of 2 ps. Since our streak camera was limited to wavelengths shorter than 850 nm, it was necessary to upconvert 10.6-mm light. Sum-frequency generation in an AgGaS 2 crystal (type I collinear phase matching) was used to mix the picosecond CO 2 laser pulse with a 25-ns diode laser pulse at 658 nm. 16 The sum wave at 620 nm was imaged onto the slit of the streak camera, and the time-resolved image was recorded by a CCD camera. Figure 2(a) shows a 400-ps FWHM pulse obtained without the PS when a 250-ps pulse was injected into the three-pass amplif ier. At 1.5 atm of Ar in the PS, the same input pulse was clearly shortened by removal of the tail, and a pulse duration of 160 6 10 ps FWHM was measured at 10.6 mm [ Fig. 2(b) ]. For this shot the system produced ϳ170 J of energy. When the master oscillator generated simultaneously on two lines, this amplif ier produced as much as 200 J in a 400-ps pulse (without the PS), with 85% energy on the 10P ͑20͒ line and 15% on the 10R͑16͒ line. These results demonstrate the possibility of achieving the same energy with 200-ps two-wavelength pulses, resulting again in a 1-TW peak power.
In conclusion, we have demonstrated the generation of 1.1-TW, nearly diffraction-limited 160-ps pulses from a three stage CO 2 master-oscillator-amplifier system. We also report the realization of a twowavelength, 0.5-TW peak-power CO 2 laser, which can be tuned to an arbitrary pair of lines and scaled to 1 TW. The short pulses are achieved with a simple plasma shutter to compensate for gain narrowing in the final amplifier. We believe that the use of the full aperture of the three-pass amplif ier will allow the system to scale up to a power level of ϳ3 TW.
